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Abstract. Stable oxygen isotopes (δ18O) of planktonic foraminifera are one of the most used tools to recon-
struct environmental conditions of the water column. Since different species live and calcify at different depths
in the water column, the δ18O of sedimentary foraminifera reflects to a large degree the vertical habitat and
interspecies δ18O differences and can thus potentially provide information on the vertical structure of the water
column. However, to fully unlock the potential of foraminifera as recorders of past surface water properties, it is
necessary to understand how and under what conditions the environmental signal is incorporated into the calcite
shells of individual species. Deep-dwelling species play a particularly important role in this context since their
calcification depth reaches below the surface mixed layer. Here we report δ18O measurements made on four
deep-dwelling Globorotalia species collected with stratified plankton tows in the eastern North Atlantic. Size
and crust effects on the δ18O signal were evaluated showing that a larger size increases the δ18O of G. inflata
and G. hirsuta, and a crust effect is reflected in a higher δ18O signal in G. truncatulinoides. The great majority
of the δ18O values can be explained without invoking disequilibrium calcification. When interpreted in this way
the data imply depth-integrated calcification with progressive addition of calcite with depth to about 300 m for
G. inflata and to about 500 m for G. hirsuta. In G. scitula, despite a strong subsurface maximum in abundance,
the vertical δ18O profile is flat and appears dominated by a surface layer signal. In G. truncatulinoides, the δ18O
profile follows equilibrium for each depth, implying a constant habitat during growth at each depth layer. The
δ18O values are more consistent with the predictions of the Shackleton (1974) palaeotemperature equation, ex-
cept in G. scitula which shows values more consistent with the Kim and O’Neil (1997) prediction. In all cases,
we observe a difference between the level where most of the specimens were present and the depth where most
of their shell appears to calcify.
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1 Introduction
Stable isotope ratios in the shells of fossil planktonic
foraminifera have been the backbone of palaeoceanography
for more than half a century. This is because during cal-
cification, planktonic foraminifera record the physical and
chemical conditions of the surrounding water and the fos-
sil or sedimentary signal can be used to estimate water col-
umn properties, such as temperature, salinity or ocean strati-
fication (Emiliani, 1954; Mulitza et al., 1997; Pak and Ken-
nett, 2002; Shackleton, 1974; Simstich et al., 2003; Steph et
al., 2009; Williams et al., 1979). The first study using iso-
tope ratios (δ18O) in foraminifera (Emiliani, 1954) revealed
species-specific offsets that were attributed to differences in
calcification depth among species. This hypothesis was later
confirmed by observations from plankton tows (Bé, 1960; Bé
and Hamlin, 1967; Berger, 1969; Duplessy et al., 1981; Fair-
banks et al., 1980; Lebreiro et al., 2006). Thus, according to
their preferred habitat depth, certain species appear to consis-
tently reflect conditions in the surface, whereas others have a
more variable calcification habitat and some appear to occur
mainly below the mixed layer (Berger, 1969; Fairbanks et al.,
1980, 1982; Kemle-von Mücke and Oberhänsli, 1999; Ortiz
et al., 1995). Subsequently, it became clear that calcification
depth is not a simple reflection of living depth because of
factors such as non-linear growth during ontogenetic vertical
migration and encrustation (Bemis et al., 1998; Fairbanks et
al., 1982; Hemleben et al., 1989; Lohmann, 1995; Mulitza
et al., 1997; Simstich et al., 2003). The adult shells, which
dominate the> 150 µm size fraction of the sediments, reflect
an integrated signal of the vertical range where each species
lived and calcified (e.g. Birch et al., 2013; Kemle-von Mücke
and Oberhänsli, 1999; Steinhardt et al., 2015; Wilke et al.,
2009).
In addition, several studies have reported that the isotopic
composition of shells of some planktonic foraminifera devi-
ate from the predicted theoretical value for the ambient sea-
water in which they calcified (e.g. Birch et al., 2013; Fair-
banks et al., 1980; Spero and Lea, 1996). The deviation from
theoretical values has been attributed to ontogenic or size
effects (Bemis et al., 1998; Deuser et al., 1981; Spero and
Lea, 1996), symbiont photosynthesis and respiration (Spero
and Lea, 1993; Wolf-Gladrow et al., 1999), calcification rate
(Ortiz et al., 1996; Peeters et al., 2002), gametogenic or
secondary calcite (Bé, 1980; Bouvier-Soumagnac and Dup-
lessy, 1985; Duplessy et al., 1981; Loncˇaric´ et al., 2006), and
carbonate-ion concentration (Itou et al., 2001; Spero et al.,
1997). Size effect due to shell development has been reported
in numerous studies with higher δ18O values for larger size
fractions (Berger, 1969; Kroon and Darling, 1995; Peeters et
al., 2002; Spero and Lea, 1996) and also observed in cul-
ture experiments of the species Globigerina bulloides, which
when kept under constant temperature and seawater oxygen
isotope conditions showed a δ18O increase of up to 0.8 ‰
with increasing size (Spero and Lea, 1996). The addition of
a secondary crust in waters deeper (and thus often colder)
than the waters of initial shell growth (herein referred to
as crust effect), is common in some planktonic foraminifera
species (e.g. most globorotalids) during a later stage of their
life cycle (Hemleben et al., 1985; Orr, 1967). The secondary
crust can contribute up to a third of the total shell mass and
therefore skew the result toward a higher δ18O value (Bé,
1980; Bouvier-Soumagnac and Duplessy, 1985; Duplessy et
al., 1981; Schweitzer and Lohmann, 1991).
The majority of recent advances in understanding the in-
corporation of the oxygen isotopic signal are based on the
evaluation of signals in foraminiferal shells collected from
core-top sediments (e.g. Birch et al., 2013; Cléroux et al.,
2007; Durazzi, 1981; Ganssen and Kroon, 2000; Mulitza et
al., 1997; Steph et al., 2009). The use of core-top or sedi-
mentary shells to assess how the isotopic signal incorporates
in the shell is problematic because the sedimentary signal
represents a flux-weighted (seasonal) average of the vertical
habitat, integrated over time. A more direct approach is using
vertically resolved plankton tows, which allow a direct com-
parison between the isotopic composition of the shells and
the seawater, the vertical abundance distribution of a species
and the in situ environmental data (e.g. temperature, salin-
ity) at time of collection. The majority of the studies using
plankton tows focused on surface- and intermediate-dwelling
species, whereas deep-dwelling species remain poorly con-
strained (but see Lin et al., 2011; Mulitza et al., 2003; Peeters
and Brummer, 2002). This is unfortunate because combin-
ing signals from deep dwellers with those from surface-
and intermediate-dwelling species is a potentially powerful
method to obtain information on the water column structure
(Cléroux et al., 2013; Mohtadi et al., 2007; Mulitza et al.,
1997; Steph et al., 2009).
Thus, to fully unlock the potential of the geochemical
composition of deep-dwelling planktonic foraminifera as a
proxy for subsurface conditions, new observations from the
water column are needed. Here we present data from strati-
fied plankton tows in the subtropical northeast Atlantic and
assess how (or if) the proxy signal preserved in the shells in-
tegrates environmental information across the vertical habitat
of the foraminifera. We focus on the δ18O signal of the four
deep-dwelling species Globorotalia truncatulinoides, G. hir-
suta, G. inflata and G. scitula. These species were chosen be-
cause they are abundantly present in our samples and occur
alive until at least 300 m water depth (Rebotim et al., 2017).
We assessed the potential impacts of shell size and secondary
calcification, determined if isotopic signal of each species
can be predicted by equilibrium calcification considering dif-
ferent palaeotemperature equations, and tested where calcifi-
cation occurred and if it continued during a presumed onto-
genetic vertical migration of the species.
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Figure 1. Stations in the eastern North Atlantic where planktonic foraminifera for this study were collected from stratified plankton hauls
(Table 1). These include 14 stations discussed in Rebotim et al. (2017) and 5 additional stations from the POS 349 campaign. Station symbols
are coded by cruise. Map made with ODV (Schlitzer, 2018).
2 Regional setting
The study area lies between the Azores and the western
Iberian Margin, a region influenced by the Azores Current,
the Mediterranean Outflow Water and seasonal upwelling
(Fig. 1). The Azores Current extends from the southern
branch of the Gulf Stream (Sy, 1988) to the Gulf of Cádiz be-
tween 32 and 36◦ N (Gould, 1985; Klein and Siedler, 1989),
defining the northern limit of the subtropical gyre. Its width
varies from 60 to 150 km and its vertical extension can reach
2000 m (Alves et al., 2002; Gould, 1985). The Azores Cur-
rent is associated with a thermohaline front – the Azores
Front, which acts as a border between two different water
masses, separating the warmer (∼ 18 ◦C), saltier and olig-
otrophic water mass of the Sargasso Sea from the colder,
fresher and more productive water mass of the northern and
northeastern North Atlantic (Gould, 1985; Storz et al., 2009).
This creates an abrupt change in temperature (∼ 4 ◦C) and
in the water column structure across the Azores Front, in-
fluencing the distribution of planktonic organisms includ-
ing foraminifera (Alves et al., 2002; Schiebel et al., 2002).
Based on a 42-year-long time series study, the position of
the Azores Front varied between 30 and 37.5◦ N (Fründt and
Waniek, 2012). Southeast of the Azorean islands, the Azores
Current splits into a northern branch that approaches the Por-
tugal Current, a southern branch that connects to the Canary
Current and an eastern branch that flows to the Gulf of Cádiz
and also along the western Iberian Margin – Iberian Pole-
ward Current (Barton, 2001; Peliz et al., 2005; Sy, 1988).
The latter transports eastern North Atlantic Central Water at
the subsurface from a subtropical origin (Ríos et al., 1992).
The Portugal Current flows southward along the western
Iberian Margin, carrying at the subsurface eastern North At-
lantic Central Water but of subpolar origin. The North At-
lantic Central Water masses form a permanent thermocline
that can extend as deep as 800 m (van Aken, 2001). Because
of the combination of varied seasonality and the presence of
strong gradients in water column structure, the region is par-
ticularly suitable to study the calcification behaviour of the
deep-dwelling species under variable conditions (Fig. 1, Ta-
ble 1).
3 Material and methods
Planktonic foraminifera were sampled during four oceano-
graphic campaigns between 2007 and 2012 in the eastern
North Atlantic (Fig. 1, Table 1). The collection was done us-
ing Hydro-Bios Midi and Maxi multiple closing nets (100 µm
mesh size, opening 50cm× 50 cm) hauled vertically with a
velocity of 0.5 ms−1. After collection, the content from each
net was transferred to a flask, preserved with 4 % formalde-
hyde, buffered to a pH value of 8.2 with hexamethylenete-
tramine (C6H12N4) to prevent dissolution and refrigerated.
The abundance of cytoplasm-bearing shells of the four stud-
ied species was determined at all stations (Rebotim et al.,
2017). In addition, at all stations except two, the abundance
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Table 1. Cruise and stations, location, time and depth intervals of the collected samples.
Cruise Station Latitude Longitude Date Depth intervals (m)
Poseidon 349 251 32.000 −22.000 9 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
254 33.000 −22.000 10 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
256 35.000 −22.000 11 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
258 37.000 −22.000 12 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
260 39.000 −22.000 13 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
263 35.000 −20.000 16 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
267 35.000 −20.000 18 Apr 2007 0–100, 100–200, 200–300, 300–500, 500–700
Poseidon 383 161 36.000 −22.000 22 Apr 2009 0–100, 100–200, 200–300, 300–500, 500–700
163 35.000 −22.000 23 Apr 2009 0–100, 100–200, 200–300, 300–500, 500–700
165 34.000 −22.000 23 Apr 2009 0–100, 100–200, 200–300, 300–500, 500–700
173 32.000 −21.000 25 Apr 2009 0–100, 100–200, 200–300, 300–500, 500–700
175 33.150 −22.000 26 Apr 2009 0–100, 100–200, 200–300, 300–500, 500–700
Poseidon 384 210 34.600 −13.290 12 May 2009 0–100, 100–200, 200–300, 300–400, 400–700
273 35.500 −12.090 21 May 2009 0–100, 100–200, 200–300, 300–400, 400–500
Iberia-Forams 2 42.090 −9.500 11 Sep 2012 0–25, 25–80, 80–200, 200–300
6 38.760 −9.980 12 Sep 2012 0–70, 70–140, 140–240, 240–340, 240–540
8 36.800 −8.040 13 Sep 2012 0–60, 60–120, 120–240, 240–400
9 36.810 −7.710 13 Sep 2012 0–90, 90–180, 180–270, 270–360
12 36.720 −9.370 15 Sep 2012 0–100, 100–200, 200–350, 350–550
of empty shells was used to determine the fraction of the pop-
ulation alive at a given depth interval (see the Supplement for
details).
Stable isotope measurements were carried out on
cytoplasm-bearing shells picked from two size fractions
(150–300 µm and > 300 µm; referred to as small- and large-
sized fractions, respectively), except for samples of cruise
POS 349 where shells were merged across all sizes in the
fraction > 150 µm. In some cases, especially in G. scitula, it
was difficult to distinguish if the cytoplasm was present. In
such cases, we used a rule where we considered an opaque
white shell empty. For the species G. truncatulinoides only
the sinistral variant, which dominated in our samples, was
selected for stable isotope analyses. With the exception of
the POS 349 samples, specimens with encrusted and non-
encrusted shells were separated. In the case of G. truncat-
ulinoides and G. hirsuta this distinction was made by the
presence of a thick glassy calcite layer covering the test in
comparison with the non-encrusted shells. For G. inflata, the
encrusted shells are usually covered by a fine veneer (Hem-
leben et al., 1985) which has a shiny and smooth appearance
in contrast to the non-encrusted individuals. Depending on
the species and the size fraction, between 3 and 20 speci-
mens were used for the stable isotope analyses (see the Sup-
plement for details). Whenever possible, replicate measure-
ments were carried out. The samples were not treated prior
to analysis.
Stable oxygen isotope measurements, with the exception
of POS 349 samples, were performed at MARUM, Univer-
sity of Bremen, using a Finnigan MAT 251 isotope ratio mass
spectrometer coupled to a Kiel I or Kiel III automated car-
bonate device. Isotope ratios are expressed in the δ-notation
and calibrated to the Vienna Pee Dee Belemnite (VPDB)
scale using the NBS-19 standard. Analytical precision of an
in-house carbonate standard (Solnhofen limestone) over the
measurement period was ≤ 0.04 ‰ (1 SD). The POS 349
samples were analysed at the Leibniz Laboratory for Radio-
metric Dating and Stable Isotope Research, University Kiel,
with the Carbo Kiel (Kiel 1) device coupled to a Finnigan
MAT 251 mass spectrometer with a precision of ±0.07 ‰
(1 SD) for δ18O for the Solnhofen limestone standard.
Standard deviations among replicates ranged between
0.07 ‰ and 0.11 ‰ among the four species, with an over-
all mean of 0.08 ‰, which increases to 0.13 ‰ when the full
range of the measured values is used, being a more conser-
vative measure considering the low number of replicates per
sample. The oxygen isotopic data are provided in the Supple-
ment and will also be stored at the World Data Center PAN-
GAEA (https://www.pangaea.de, last access: 15 May 2019).
To assess if the measured isotopic values could be ex-
plained by equilibrium calcification, we calculated oxy-
gen isotope equilibrium values (δ18Oeq) using tempera-
ture and salinity data obtained from CTD (conductivity,
temperature, depth) casts at the time of sample collection
and equations of Shackleton (1974) (Eq. 1) and Kim and
O’Neil (1997) (Eq. 2). These palaeotemperature equations
were chosen because they are widely used and well estab-
lished, and cover, due to different calibrations, a reasonable
range of possible theoretical δ18O profiles that allows a com-
parison with our measurements.
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Figure 2. Regional linear regression of salinity versus δ18Ow for
the eastern North Atlantic Ocean based on data extracted from
Voelker et al. (2015) and unpublished data from POS 485. The rela-
tionship is based on δ18Ow values (per mil VSMOW) from depths
between 0 and 700 m and within the region between 24–43◦ N and
7–34◦W.
δ18Oeq = 4.38−
√
19.18− 0.4× (16.9− T )
0.2
+ δ18Ow, (1)
δ18Oeq = 4.64−
√
21.53− 0.36 × (16.1− T )
0.18
+ δ18Ow, (2)
where T denotes temperature in degrees Celsius and δ18Ow
the δ18O of seawater. For the Shackleton (1974) equation
(Eq. 1), the δ18O values from the ambient seawater were con-
verted from VSMOW (Vienna Standard Mean Ocean Water)
to VPDB scale by subtracting 0.2 ‰, which was the current
conversion at that time (e.g. Pearson, 2012). For the Kim
and O’Neil (1997) equation (Eq. 2), the δ18O values were
converted from VSMOW to the VPDB scale by subtracting
0.27 ‰ (Hut, 1987). Seawater δ18O was estimated using a re-
gional δ18Ow to salinity relationship (Fig. 2) based on mea-
surements in the study area (24 to 43◦ N and 7 to 34◦W)
(Voelker et al., 2015; and unpublished data for POS 485 from
Antje H. L. Voelker), covering the top 700 m of the water col-
umn since this is the maximum depth used for the collection
of planktonic foraminifera (Eq. 3).
δ18Ow = 0.54 · S− 18.67, (3)
where S denotes in situ salinity at the time of collection. The
prediction error calculated for the seawater δ18O estimation
was 0.12 ‰. Our regional equation has nearly the same slope
(0.55) and intercept (18.98) as the North Atlantic equation of
LeGrande and Schmidt (2006). We then compare the oxygen
isotope ratios with the vertical distribution of the analysed
foraminifera species, as described in Rebotim et al. (2017)
and Rebotim (2009) for the POS 349 cruise samples.
4 Results
4.1 Vertical distribution of living specimens
At all stations, the vertical distribution of the abundance of
cytoplasm-bearing shells indicates that the studied species
are found alive across a range of depths, reaching to below
the mixed layer (Figs. 3–6). In many cases, the maximum
abundance of living specimens occurs below the mixed layer.
A broad habitat range is confirmed by the low proportions of
empty shells at all but the deepest depth intervals (Figs. 3–
6). Among the four species, most of the intercepted speci-
mens (shells) of G. truncatulinoides, G. inflata and G. hir-
suta bear cytoplasm down to 500 m, whereas in G. scitula a
higher proportion of empty shells is observed already at shal-
lower depths (Fig. 7).
4.2 Size and crust effects on the δ18O signal of the
shell
To assess to what degree the δ18O variability in our data re-
flects size variation and maturity among the measured speci-
mens, we evaluate the effects of shell size and secondary en-
crustation (Figs. 3, 4, 5, 6). A potential size effect is observed
in non-encrusted G. hirsuta, where δ18O values of larger
shells are on average 0.32 ‰ more positive (Table 2). The
same appears to be the case for encrusted G. inflata but we re-
frain from drawing conclusion on this difference as these val-
ues are based on two measurement pairs only. The crust ef-
fect in this species is almost insignificant for the Iberian Mar-
gin sample (0.04 ‰) but it is negative for the sample from
the Azores region (−0.12 ‰). Our data do not show a clear
indication for a size effect in G. truncatulinoides. However,
in this species encrusted small shells have consistently more
positive δ18O values than non-encrusted shells (Table 2). The
effect of encrustation is unclear for G. inflata and could not
be evaluated for G. hirsuta (Table 2). Note that all measure-
ments for G. scitula were made on similar sized specimens,
preventing assessment of a size effect.
4.3 Offsets from equilibrium δ18O in the surface layer
Since planktonic foraminifera have been hypothesised to mi-
grate downwards in the water column during growth, a spec-
imen may contain an integrated isotope signature from all
depths above the level where it was collected. This integra-
tion effect is smallest in the near-surface layer, where migra-
tion is likely to be minimal and thermal and isotope gradients
are small. Measurements in the surface layer are therefore
most suitable to evaluate departures from equilibrium calci-
fication. To this end, we determined the offsets from the two
tested equations for the upper 100 m. In this interval, G. in-
flata and G. truncatulinoides show the smallest offsets from
the Shackleton equation, with median offsets of −0.03 ‰
and −0.07 ‰ (Fig. 7). G. hirsuta reveals a difference of
−0.11 ‰ from the median value of Shackleton (1974) and
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Figure 3. Vertical profiles of δ18O, concentration (grey bars, ind. m−3) and fraction of living (cytoplasm-bearing) specimens of the popula-
tion of G. truncatulinoides in the upper 700 m of the water column at all stations (no data for i and m) with sufficient number of individuals
(ind.) for oxygen isotope analysis (Fig. 1). Isotope values are plotted at the mid depth of the collection intervals. Mixed size refers to the size
fraction > 150 µm. Yellow line shows δ18Oeq for calcite based on the Shackleton (1974) equation; blue line shows the same using the Kim
and O’Neil (1997) equation. Dashed lines indicate the mean δ18Oeq values of the upper 100 m. The area between the dashed and solid line
for each equation delimit the space of δ18O values that can be explained without requiring disequilibrium calcification.
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Figure 4. Same as Fig. 3 but for G. hirsuta.
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Table 2. Size effect between non-encrusted and encrusted specimens and crust effect between specimens with and without crust for the
individuals grown under similar conditions, sorted by region.
Species Size effect Crust effect
Non-encrusted Encrusted Small size
N Mean 1δ18O(large−small)
±Standard deviation (‰)
N Mean 1δ18O(large−small)
±Standard deviation (‰)
N Mean 1δ18O(crust−no crust)
±Standard deviation (‰)
G. truncatulinoides
Azores Front/Current 3 −0.09± 0.22 3 −0.03± 0.12 5 0.27± 0.11
G. hirsuta
Azores Front/Current 12 0.32± 0.18 NA NA
G. inflata
Azores Front/Current 1 −0.14 1 0.59 1 −0.12
Iberian Margin NA 1 0.56 1 0.04
NA – not available.
0.11 ‰ from the Kim and O’Neil (1997) δ18Oeq estimate
(Fig. 7); thus the δ18O values seem to be equally predicted by
both equations. For G. scitula we have only a single measure-
ment in the top layer, showing an offset of−0.06 ‰ from the
estimation from Shackleton (1974) and a deviation of 0.18 ‰
from the Kim and O’Neil (1997) prediction (Fig. 7).
4.4 Vertical patterns in foraminifera δ18O
The δ18O values for G. truncatulinoides become more pos-
itive with increasing depth, closely following the δ18Oeq
based on the Shackleton (1974) equation down to a depth of
300–500 m (Figs. 3, 7). Below this depth a slight increase in
δ18O values is visible until 500–700 m. Similarly, G. hirsuta
shows a trend of more positive δ18O values towards deeper
waters varying from 300–500 and 500–700 m depth inter-
val, with δ18O values approximating the Shackleton (1974)
δ18Oeq line until 300 m (Figs. 4, 7). The highest δ18O values
in G. truncatulinoides and G. hirsuta coincide in most of the
cases with the presence of a secondary crust or a larger size
fraction. G. inflata δ18O values turn slightly positive until
approximately 300–500 m (Fig. 5). In comparison, the δ18O
values of G. inflata are more positive (0.56 ‰–0.95 ‰) in the
stations from the Iberian Margin (Fig. 5) than the δ18O data
from the plankton tows from the Azores region (0.19 ‰–
0.91 ‰) (Fig. 5), reflecting seasonal temperature differences,
namely end of summer for Iberian Margin and spring for
Azores. The δ18O values of G. scitula (Fig. 6) remain similar
across all depths with δ18O values falling closer to the Kim
and O’Neil (1997) estimation than the Shackleton (1974) line
(Fig. 7). This species exhibits the lowest δ18O values, be-
tween 0.12 and 0.67 ‰.
5 Discussion
Before interpreting the results in terms of habitat and calcifi-
cation depth processes, it is prudent to consider the combined
uncertainty in the isotopic values due to non-ecological fac-
tors. This combined uncertainty consists of the reproducibil-
ity of the measurements (0.13 ‰), the prediction error on
seawater composition (0.12 ‰) and the range of isotopic val-
ues within the tow intervals. The latter reaches almost 0.5 ‰
and dominates the combined uncertainty, which, assuming
that all errors are independent, sums to 0.53 ‰. Thus, in the
vertical dimension, only signals exceeding this uncertainty
require an ecological explanation. The dominant component
of the uncertainty is indicated in Fig. 7, revealing that in
all species the observed variability exceeds the uncertainty
range. For the interpretation of size and crust effects, only
reproducibility (0.13 ‰) needs to be taken into account.
5.1 Size and crust effects in δ18O
To assess to what degree the stable isotopic signatures of the
individual species could be interpreted in terms of equilib-
rium offsets and calcification habitat, we first evaluate the
effects of ontogeny on the isotope ratios of the shells. This
is essential, because our analysis is based on specimens that
were alive during collection and therefore represented dif-
ferent stages in the ontogeny. We focus our comparison on
studies of plankton-derived material to avoid the complica-
tion of having to consider factors like seasonal integration in
the interpretation of size-related trends in sedimentary ma-
terial (Ezard et al., 2015; Hernández-Almeida et al., 2011).
Since few parallel measurements were possible on samples
with different shell size or encrustation from the same tow
intervals (Figs. 3, 4, 5, 6; Table 2) and the sample sizes are
small, our analyses allow the evaluation of shell size and
secondary encrustation effects only to a limited extent. The
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Figure 5.
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Figure 5. As Fig. 3 but for G. inflata, showing separately stations in the Azores Front/Current region and stations along the Iberian Margin.
Note that labels (a) to (l) do not correspond to the same stations as in Figs. 3 and 4.
observed trends can, nevertheless, be compared to previous
observations on the studied species and to estimate the po-
tential magnitude of the size-related offset and compare it
to the magnitude of isotopic variation with depth among the
species.
Our observations on non-encrusted G. hirsuta, for which
we have most data, show that larger specimens have higher
δ18O values, consistent with previous findings (Ganssen,
1983; Hemleben et al., 1985; Niebler et al., 1999). In this
species, we also observe that small individuals are present at
all depths, but the δ18O values from deeper specimens are
consistent with a surface signal, suggesting that these speci-
mens may represent descending individuals that have not yet
added any calcite at depth. An increase in the δ18O values
with size was also observed for encrusted specimens of G. in-
flata (+0.58 ‰). Despite the small sample size, the size and
amount agree with other authors (Ganssen, 1983; Loncˇaric´ et
al., 2006; Niebler et al., 1999). In a study performed in the
same region, larger specimens of G. truncatulinoides were
found to be isotopically higher by 0.4 ‰ (Wilke et al., 2009),
which is also in agreement with previous studies in other re-
gions (Hemleben et al., 1989; Loncˇaric´, 2006; Reynolds et
al., 2018). The small sample size could potentially explain
the apparent absence of a size effect on the δ18O of G. trun-
catulinoides in our data.
Higher δ18O values in larger specimens could be explained
by “vital effects” likely related to calcification rate (Spero
and Lea, 1996; Bemis et al., 1998). Alternatively, the same
pattern could be explained by ontogenetic vertical migration
with a descending trajectory and continued calcification. In
this model, the isotopically depleted small specimens at a
given depth would represent individuals which calcified at
a shallower depth and have not yet added new calcite at the
depth where they were collected. Indeed, once these “onto-
genetic migrants” add calcite at depth, they also increase in
size and are then no longer considered small. These two al-
ternative explanations would leave a different depth-related
signature. A “vital effect” would remain constant with depth,
whereas ontogenetic vertical migration should cause an in-
crease in the offset between small and large specimens with
depth. In our limited data, the observations for G. hirsuta ap-
pear consistent with ontogenetic vertical migration, but the
data for G. truncatulinoides do not.
Another aspect that affects the δ18O signal is secondary
calcification during the final stage of ontogeny (e.g. Bé,
1980; Schweitzer and Lohmann, 1991). Among the stud-
ied species, this effect could be observed only in G. trun-
catulinoides, where encrusted specimens appear isotopically
higher by on average 0.27 ‰ (Table 2). For this species, the
δ18O increase associated with the addition of a secondary
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Figure 6. As Fig. 3 but for G. scitula. No different size fractions have been distinguished since no specimens> 300 µm were found. Stations
labelled (a) to (h) are the same as in Figs. 3 and 4.
crust has been explored by several authors, who found that
the crust may account for 30 % (Mulitza et al., 1997) to more
than 50 % (LeGrande, 2004; Lohmann, 1995) of shell mass
(e.g. LeGrande, 2004; Lohmann, 1995; Mulitza et al., 1997).
For G. inflata, the δ18O difference between non-encrusted
and encrusted specimens is not significant or at least incon-
clusive with the available data (Table 2) and for G. hirsuta
the lack of paired data does not allow us to assess this effect.
Typically, isotopically colder signatures in encrusted spec-
imens have been explained by the addition of the crust at the
terminal stage (associated with reproduction) or during the fi-
nal stages of a descending ontogenetic trajectory (Hemleben
et al., 1989). If this is true then we should observe encrusted
specimens only at depth. Since we observe encrusted speci-
mens at all depths (Figs. 3–6) then either the effects of verti-
cal ontogenetic migration has a limited magnitude or encrus-
tation is not related to the end of the ontogeny. Either way,
the higher isotopic values in encrusted specimens could also
reflect a different mode of biomineralisation and be the re-
sult of a process akin to the size-related vital effect, as also
suggested by Kozdon et al. (2009). In addition, studies in
trace-metal geochemistry have shown that some planktonic
foraminifera species form crusts with different geochemical
composition from lamellar calcite grown under the same en-
vironmental conditions (Fehrenbacher et al., 2017; Jonkers
et al., 2016).
These observations provide first-order constraints for the
interpretation of the vertical isotopic profiles. Potential size
and crust effects are not seen in all species and their mag-
nitude is < 0.5 ‰ (Table 2). Although the size effect could
arise either from a vital effect or from ontogenetic vertical
migration, the crust effect is more likely a result of a vital
effect (different mode or rate of calcification).
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Figure 7. Summary of vertical patterns in foraminifera δ18O and population structure. Left and middle panels show offset from equilibrium
δ18O and right panels show average abundance (grey) and the fraction of the population that was collected alive, i.e. cytoplasm bearing. The
offsets between foraminifera and equilibrium δ18O are calculated using the Shackleton (1974) and Kim and O’Neil (1997) palaeotemperature
equations (left and middle columns, respectively). Solid lines represent the range of δ18Oeq at each depth across all stations. Dashed lines
show the range of offsets from the mean near-surface (0–100 m) δ18Oeq values at a given depth. Thick grey line shows the median profile
of δ18O offsets for each species. Relative shell concentrations (averaged across all stations where the respective species is present and
normalised) are indicated with the grey bar plots in the right column. Note that these serve only to qualitatively assess the vertical abundance
pattern and no scale bar is given. Box-and-whisker plots show the range in fraction of living specimens at each depth interval. Each box
represents the interquartile range, with the thick black lines indicating the median. The error bars extend to 1.5 times the interquartile range
and values outside this range are plotted as dots.
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5.2 Offsets from equilibrium δ18O in the surface layer
The first-order prerequisite to interpret isotopic signatures
in foraminifera is to constrain the presence and magnitude
of isotopic disequilibrium (vital effect). Next to culture ex-
periments, material from stratified plankton nets is the only
way to directly determine to what degree the foraminiferal
calcite was produced in isotopic equilibrium with the sur-
rounding water. The classical ontogenetic vertical migration
model with a descending trajectory (Hemleben et al., 1989;
Lohmann, 1995) implies that most of the initial calcite shell
is built in the surface water, even in deep-dwelling species.
To avoid the effect of ontogeny on the observed isotopic
values, we here assess the degree of equilibrium calcifica-
tion only in the surface layer. The equilibrium isotopic com-
position at each station and depth is constrained by in situ
temperature and salinity measurements, but the estimate has
to consider differences in palaeotemperature equations com-
monly used for these (symbiont-free) species of planktonic
foraminifera.
In this respect, the δ18O data of G. truncatulinoides show
an offset of −0.07 ‰ from the Shackleton (1974) equa-
tion (Fig. 7) and a positive offset (0.14 ‰) from the Kim
and O’Neil (1997) δ18Oeq prediction (Fig. 7). Loncˇaric´
et al. (2006) found in their southeast Atlantic plankton
tow samples that above 100 m the δ18O of large speci-
mens (350–450 µm) showed a positive offset (approximately
+0.2 ‰) from the Kim and O’Neil (1997) predicted val-
ues, whereas the offset was insignificant for small speci-
mens. Ganssen (1983), based on a plankton tow study that
applied the Epstein and Mayeda (1953) palaeotemperature
equation, which gives values close to Shackleton’s (1974),
stated that G. truncatulinoides (size fractions: 315–400 µm;
400–500 µm) calcified in equilibrium with the prediction in
waters off eastern North Africa. Near the Canary Islands and
thus in the vicinity of our study area, δ18O values for smaller
(< 280 µm) G. truncatulinoides specimens were significantly
more negative (−0.22 ‰ to −0.40 ‰) than the predicted
δ18Oeq values (Kim and O’Neil equation) within the surface
mixed layer (≈ 120 m) than their larger (280–440 µm) coun-
terparts, whose values were only slightly negative or matched
the predicted δ18Oeq values (see Fig. 7 in Wilke et al., 2009).
Similarly, our G. inflata’s δ18O values show a negligible
negative median offset in relation to the Shackleton estima-
tion (−0.03 ‰) (Fig. 7) and a larger, positive median offset
for the Kim and O’Neil line (+0.18 ‰) (Fig. 7). The latter
is in good agreement with the Loncˇaric´ et al. (2006) ob-
servations in the upper 150 m of the southeast Atlantic that
showed an offset range between 0.01 ‰ and 0.25 ‰ for the
350–450 µm size fraction relative to the Kim and O’Neil esti-
mation. For the smaller size fraction (200–300 µm) the offset
was 0.02 ‰ (Loncˇaric´ et al., 2006), which is comparable to
the Wilke et al. (2006) findings, who, also using plankton
tows from the southeast Atlantic, obtained an average off-
set in relation to Kim and O’Neil (1997) δ18Oeq of +0.05 ‰
(except for one station) for the size fraction 250–355 µm in
the mixed layer. For the samples where size fractions were
taken into consideration, the large size fraction is associated
with a larger offset, being more positive relative to Kim and
O’Neil (1997) δ18Oeq. Using the Epstein and Mayeda (1953)
palaeotemperature equation, Ganssen (1983) reports an off-
set between −0.4 ‰ and +0.5 ‰ for the size fraction 200–
400 µm, which is higher than our observed median deviation
from the Shackleton’s δ18Oeq but smaller than the median
offset from Kim and O’Neil’s δ18Oeq.
Most of our δ18O data points of G. hirsuta lie closer to
the δ18Oeq prediction by Shackleton (1974) (Figs. 4 and 7).
For comparison, only plankton tow studies related to the Ep-
stein and Mayeda (1953) δ18Oeq are available. Hemleben et
al. (1985) observed a positive offset (0.25 ‰–0.5 ‰) for the
large size fraction of G. hirsuta, whereas an offset between
−0.5 and+0.2 is reported (200–500 µm) by Ganssen (1983).
The only δ18O measurement available for G. scitula in the
surface layer falls near the Shackleton prediction, present-
ing an insignificant offset (Fig. 7). Ortiz et al. (1996), using
plankton tows from the northeastern Pacific, estimated a de-
viation from δ18Oeq (based on Epstein and Mayeda, 1953)
of less than −0.4 ‰ for a size fraction > 150 µm. Although
the offset from Shackleton (1974) δ18Oeq is apparently lower
(−0.06 ‰) than that presented by the latter study; it is based
on a single measurement and therefore inconclusive.
Thus, in our study, three out of four Globorotalia species
show the same trend at the surface, i.e. a small or nonexist-
ing offset from the Shackleton (1974) equation, which may
imply that these species have a minimal offset from equilib-
rium at the surface, except for G. scitula where no conclusion
could be made since only a single data point was available. In
that species, it is possible that our assumption of using values
from the surface layer is incorrect as this species clearly has
a subsurface habitat (and abundance maximum) (e.g. Rebo-
tim et al., 2017). At depth, the isotopic values of this species
can only be explained by equilibrium calcification when the
Kim and O’Neil equation is used (Fig. 7), whereas for the
remaining three species the isotopic profiles at depth remain
consistent with the Shackleton (1974) equation. The com-
pilation of results from previous studies reveals considerable
inconsistencies. These could be real, reflecting unconstrained
processes (such as the hypothetical annual reproductive cycle
in G. truncatulinoides; e.g. Schiebel and Hemleben, 2017),
or they could reflect uncertainties in determining the in situ
δ18O of seawater from indirect measurements, which is con-
siderable even in our region (Fig. 2).
5.3 Vertical patterns in foraminifera δ18O: is this
evidence for calcification at depth?
In the presence of steep gradients in surface water properties,
differences in vertical habitats among species or changes in
the vertical habitat of a species during its ontogeny leave a
signature in the sedimentary δ18O signal that is at least as im-
www.j-micropalaeontol.net//38/113/2019/ J. Micropalaeontology, 38, 113–131, 2019
126 A. Rebotim et al.: Calcification depth of deep-dwelling planktonic foraminifera
portant to constrain as the magnitude of disequilibrium cal-
cification. Once the degree of (dis)equilibrium calcification
is constrained, the depth interval where calcification occurs
can be determined. Although living depth is straightforward
to constrain by observations (e.g. Rebotim et al., 2017), the
concept of calcification depth requires explanation. Calcifi-
cation depth could either be considered a specific level in the
water column where calcification appears to occur or it can,
more realistically as we will explain, refer to the portion of
the water column where a species adds calcite to its shell.
Here, we determine the calcification depth assuming that
vertical ontogenic migration occurs and that it can be de-
scribed using a framework of a monotonously descend-
ing trajectory and continuous calcification (Hemleben et al.,
1989). This hypothetical model can be translated into a con-
cept of vertical changes in isotopic composition, e.g. as im-
plemented by Wilke et al. (2006), in which the δ18O of a
foraminifera at a given depth must fall between the surface
δ18O equilibrium and the δ18O equilibrium at that depth.
Thus, for each vertical profile a theoretical δ18O interval
would exist (Fig. 8). The vertical profile of the foraminifera
δ18O within this interval describes where the calcite of a
specimen from a given depth has been added. If the profile
is vertical, all calcite would have to originate from the same
depth layer. Such a species would thus theoretically have a
preferred calcification depth, which may be different from its
living depth. If the vertical profile for a given species follows
exactly the predicted δ18O equilibrium profile then all cal-
cite must have been formed at the depth where the specimen
was collected. Such a species may have a preferred living
depth, but it has no preferred calcification depth. This con-
cept can be verified by considering the vertical profile of the
ratio between cytoplasm-bearing shells and empty shells of
the study species (Fig. 7). Empty shells should occur in larger
numbers only below the depth range where calcification is
inferred to take place. This approach is fundamentally dif-
ferent from an attempt to determine (apparent) calcification
depth from sediment or sediment-trap samples, which cannot
be used to answer the question of whether the calcification
occurred during ontogenetic vertical migration. Inferred ap-
parent calcification depth based on such material will always
be shallower than the calcification zone identified from spec-
imens from vertically resolved plankton net samples, even
if the effect of seasonality can be removed from sediment
samples or excluded in sediment trap samples. Isotopic off-
sets between species sampled in sediment material do not re-
flect the difference in their calcification depths. Rather, they
reflect differences in the zone over which calcification oc-
curred, modulated by the pattern of calcite addition during
descent and seasonality.
Following the above framework, the vertical profile of G.
truncatulinoides δ18O is consistent with equilibrium calci-
fication following the Shackleton-based prediction from the
surface down to 300–500 m (Fig. 7). Below this depth, the
isotopic signature remains constant, implying that calcifi-
Figure 8. Example of an equilibrium calcite δ18O profile based on
δ18Oseawater estimated from the regional salinity regression (Fig. 2)
and in situ temperature using the Shackleton palaeotemperature
equation, compared with δ18O from plankton tow specimens. The
diagram is used to illustrate how calcification depth (depth range
in the water column where calcification of a given species appears
to occur) is defined in this study. The base of calcification depth is
defined as the depth below which no increase in δ18O is observed.
Offsets of the δ18O values from the δ18Oeq, representing either dis-
equilibrium calcification or vertically integrated calcification, can
be quantified within the calcification depth; they are indicated by
black arrows.
cation may cease below this depth. This inference is sup-
ported by the increasing number of empty shells below 500 m
(Fig. 7). Other plankton tow studies reported that G. truncat-
ulinoides calcified in the upper 200 m in the Sargasso Sea
(Hemleben et al., 1985), whereas in the South Atlantic and
eastern North Atlantic it was described as calcifying until
400 m (Loncˇaric´ et al., 2006; Wilke et al., 2009). Across
all stations in this study, the vertical isotopic profile of this
species appears to follow the end-member scenario of com-
plete in situ calcification. Remarkably, the observed vertical
profile of this species is most consistent with the absence of
ontogenetic vertical migration. Despite the obvious variation
in living depth captured by our sampling (Fig. 3), specimens
outside of the dominant living depth always show an isotopic
signature of the depth interval where they were found.
The calcification behaviour inferred from our data im-
plies that a sedimentary isotopic signature of this species
should reflect the dominant living depth at a given place. This
would provide a new perspective on its variable calcifica-
tion depth implied by previous studies. Using sediment traps
in the Sargasso Sea, Deuser and Ross (1989) and Deuser et
al. (1981) estimated that G. truncatulinoides records condi-
tions at 200 m, which is shallower than our observations and
could reflect signal integration over a broad depth zone that
reaches to the surface. Studies based on surface sediments
from the North Atlantic indicate calcification depths between
400 and 700 m (Durazzi, 1981), from 100 to 400 m (Ganssen
and Kroon, 2000), and between 200 and 400 m (Cléroux et
al., 2007). Other surface sediment studies from the equa-
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torial and South Atlantic estimated calcification depths be-
low 250 m (Niebler et al., 1999), between 270 and 370 m
(Steph et al., 2009) or from surface to 700 m (Mulitza et
al., 1997). In a modelling approach, Lohmann (1995) esti-
mated a calcification depth between the surface and 800 m
and LeGrande (2004) proposed a single calcification depth
at 350 m or 30 % of the calcification at the surface and 70 %
at 800 m. The diversity of these estimates documents the dif-
ficulty to extract information on calcification depth in the
absence of knowledge on the actual vertical and/or seasonal
abundance of the studied species.
As with G. truncatulinoides, an increase in the δ18O val-
ues of G. hirsuta is observed until a depth of 300–500 m
(Fig. 4). However, unlike G. truncatulinoides, the vertical
isotopic profile of G. hirsuta shows a progressive deviation
from the equilibrium at a given depth, consistent with the
framework of continued calcification during descent. Below
300 m, the isotopic values in individual profiles appear to sta-
bilise (Fig. 7). This suggests that the calcification depth of G.
hirsuta covers the top 300 m of the water column. This would
indicate that specimens collected below this depth calcified
shallower. Since the abundance maximum of G. hirsuta is be-
low 300 m (Fig. 7), we conclude that the inferred shallower
calcification depth is not an artefact of the measurements be-
low 300 m reflecting rare stragglers that may not have yet
calcified. In the Sargasso Sea, a plankton tow study also in-
dicated G. hirsuta as calcifying in the first 200 m of the water
column (Hemleben et al., 1985). In contrast, in a sediment
trap study it reflected average conditions at 600 m (Deuser et
al., 1981; Deuser and Ross, 1989) and based on surface sed-
iments it was estimated to have a calcification depth below
250 m in the South Atlantic (Niebler et al., 1999) and be-
tween 600 and 750 m in the Atlantic Ocean (Cléroux et al.,
2013). Such a large discrepancy could be explained by the
addition of a significant amount of secondary calcite below
the sampling interval covered in this study (below 700 m),
making G. hirsuta a species for which living depth and cal-
cification depth are disconnected.
The vertical isotope profiles of G. inflata are similar to
those of G. hirsuta (Fig. 5), consistent with equilibrium cal-
cification and continuous addition of calcite until 200–300 m
(Fig. 7). Following the same reasoning as for G. hirsuta, the
inferred depth range is unlikely to be an artefact of strag-
glers. Although the peak abundance of G. inflata is shal-
lower, the population within the calcification depth range
is dominated by cytoplasm-bearing specimens (Fig. 7). Us-
ing plankton tows from the South Atlantic, this species was
reported as calcifying until 400 m (Loncˇaric´ et al., 2006),
whereas in waters of the NW African upwelling system it is
described as calcifying above 200 m (Ganssen, 1983; Wilke
et al., 2006). Within the oligotrophic waters of the western
Mediterranean Sea a calcification down to 500 m was indi-
cated by van Raden et al. (2011). In contrast, studies based on
surface sediments invoke calcification depths between 100
and 250 m in the South Atlantic (Niebler et al., 1999), 100
and 400 m in the eastern North Atlantic (Ganssen and Kroon,
2000), until 400–700 m in the North Atlantic (Durazzi, 1981)
and an average calcification of 330–475 m in the Atlantic
Ocean (Cléroux et al., 2013). In the case of this species,
the overestimated calcification depth in the sediment-based
studies likely reflects seasonality. For instance, G. inflata has
been reported to reflect winter conditions (Deuser and Ross,
1989; Ganssen, 1983; Wilke et al., 2006; Jonkers and Kucera,
2015), which could be the reason why apparent calcification
depth estimations that assume annual calcification are over-
estimated (significantly deeper).
Contrary to the other species, G. scitula δ18O values ap-
pear to be more consistent with the Kim and O’Neil δ18Oeq
prediction and its vertical isotopic profiles appears more uni-
form (Fig. 7). This is consistent with a mode of growth where
a large part of the shell calcifies at the top of the interval
where the species lives (100–200 m) and very little calcite is
added below. Although cytoplasm-bearing specimens dom-
inate at all depth intervals, an increase in the proportion of
empty shells in this species occurs shallower than among the
other species (Fig. 7). In contrast, Fallet et al. (2011) and
Steinhardt et al. (2015), using sediment traps in the Mozam-
bique Channel, postulated that G. scitula calcifies between
200 and 300 m. Greater calcification depths are also invoked
in sediment-based studies. Steph et al. (2009) estimated an
apparent calcification depth for G. scitula of 300 m in the
tropical eastern Atlantic, 200 m in the western Atlantic and
below 200 m in the Caribbean. Niebler et al. (1999) proposed
a calcification depth below 250 m based on a transect of sam-
ples from the South Atlantic. Other factors than those con-
sidered in our study (e.g. Itou et al., 2001) may be required
to explain the differences in calcification depth derived from
our material and other studies but our data clearly show that
G. scitula represents an extreme example of a species where
living depth and calcification depth differ.
5.4 Contrasting living and calcification depth
We note that for all species at most stations the isotopi-
cally inferred calcification depths differ from the observed
dominant living depths (Fig. 7). The species G. truncatuli-
noides shows maximum abundances in the upper 200 m of
the water column but calcification occurs in equilibrium un-
til 500 m. Highest abundances for G. hirsuta are observed
below 300 m, yet it calcifies throughout the top 500 m. For
G. inflata the highest abundances were near the surface but
it continues to calcify down to 300 m. Finally, G. scitula is
most abundant between 200 and 300 m but its isotopic sig-
nal appears to derive from a shallower depth. The different
calcification behaviours among the species imply that differ-
ent aspects of their habitat have to be constrained to inter-
pret their isotopic signatures in sediment samples. Since G.
truncatulinoides appears to calcify at all depths, its isotopic
signal in the sediment should be the result of integration of
populations from different depths. Considering the variation
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in its depth habitat inferred from plankton tows (Rebotim
et al., 2017) and its flux seasonality inferred from sediment
traps (Jonkers and Kucera, 2015), the expected sedimentary
signal should be weighted towards winter conditions around
100 m water depth. In G. hirsuta and G. inflata, a prediction
of the sedimentary signal requires knowledge of the maxi-
mum depth at which calcification occurs and a model of how
much calcite is added with depth, together with knowledge
of the seasonal flux pattern. In G. scitula, the isotopic sig-
nature seems to be dominated by conditions at the top of its
living depth range, and we observe only a small addition of
calcite below 500 m. This is in contrast to the great calcifi-
cation depth postulated from observed habitat depth and sed-
iment data, unless a significant modification of the isotopic
signal occurs below the depth range covered by our study.
Nevertheless, it is clear that considering habitat depth alone
is unlikely to be sufficient to constrain the depth origin of
isotopic signals in planktonic foraminifera.
6 Conclusions
Using stable oxygen isotope measurements on specimens
from stratified plankton net samples, we provide new ob-
servations on calcification behaviour of the deep-dwelling
planktonic foraminifera species Globorotalia truncatuli-
noides, G. hirsuta, G. inflata and G. scitula. To assess the
potential of these species as a tool to reconstruct subsurface
water column properties, we attempt to constrain where in
the water column the environmental signal is incorporated in
the chemical composition of the shell. We evaluate how the
δ18O signal is affected by shell size and the presence of crust,
which palaeotemperature equation best predicts the δ18O val-
ues of each species and up to what depth the calcification
continues.
We show that larger specimens of G. inflata and G. hirsuta
appear isotopically higher even when found at the same depth
level, which we attribute to ontogenetic migration. A crust ef-
fect leading to higher isotopic signal is observed for G. trun-
catulinoides. This effect likely reflects a different mode or
rate of biomineralisation of the crust. These species appear
to calcify in equilibrium with the prediction based on the
Shackleton (1974) palaeotemperature equation, whereas G.
scitula appears better predicted by equilibrium calcification
following the Kim and O’Neil (1997) equation.
We infer that G. truncatulinoides does not show a verti-
cal ontogenetic migration and that its sedimentary signal is
dominated by the depth and season where it is most abun-
dant (around 100 m in winter). In contrast, G. hirsuta and
G. inflata show isotopic profiles consistent with vertical on-
togenetic migration and calcite addition until 300–500 m.
Interpretation of their sedimentary signals will also require
knowledge on the pattern of calcite addition with depth. G.
scitula appears to add most of its calcite at the top of the
observed living depth range, which seems at odds with its
habitat depth and sediment-based calcification depth esti-
mates. In all species we observe differences between living
depth and calcification depth, implying that knowledge of
both is needed to interpret sedimentary proxy signals of these
species.
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